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The following symbols are used in this paper: 
 DAO  = oxygen diffusivity in air, cm2/s 
DAVOC  = molecular diffusivity of VOC in air, cm2/s 
DWO  = oxygen diffusivity in water, cm2/s 
DWVOC  = molecular diffusivity of VOC in water, cm2/s 
Ho2  = dismensionless Henry’s Law constant for oxygen 
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(kGa)0  = gas-phase oxygen mass transfer coefficient, d-1 
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(kLa)VOC = overall VOC transfer coefficient, d-1 
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MB  = molecular weight of VOC, g/ mol 
Mr  = (MA + MB)/ (MA MB) 
n  = 0.1 to 1.0, this is a coefficient of some sort to be defined 
 
 vii
 [O2]i, [O2]e, [O2] = influent, effluent, and reactor dissolved oxygen concentration,   
                    respectively, mg/L 
[O2]*  = dissolved oxygen saturation concentration, about 9mg/L in       
                                  equilibrium with air, mg/L 
 P  = pressure, atm 
 Q  = flow rate into and existing the process, L/d 
Qi. Qe  = flow rate into and exiting the process respectively, L/d 
 S  = reactor organic substrate concentration, mg/L 
 Si, Se  = influent and effluent substrate concentration, mg/L 
 T  = temperature, oK 
V  = reactor volume, L 
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VM  = molar volume of VOC, cm3/mole  
X  = biomass concentration in the reactor, mg/L 
Y  = cell yield coefficient, mg cells/ mg substrate 
y   = Log-Pearson Type (III) resulted value 
γ  = dimensionless ratio of VOCs loading rate to potential air stripped 
       rate 
µH2O  = viscosity of water, 0.91 centipoise at 20oC 
σ  = Log-Pearson Type (III) standard deviation of the log y values 
θc  = mean cell residence time, d 
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CHAPTER I 
 
STRIPPING POTENTIAL OF VOLATILE ORGANICS 
 
Introduction 
 
The removal of volatile organic compounds (VOCs) from biological treatment 
processes occurs through several mechanisms. These include biodegradation, adsorption 
onto solids, and air stripping or volatilization to the atmosphere. Volatilization results in 
fugitive emissions to the atmosphere are largely uncontrolled. Recent regulations have 
called for increased evaluation and control of inadvertent VOC emissions from treatment 
processes (40 CFR-Chapter I-Part 63). A variety of researchers have developed 
relationships between oxygen transfer into the water and VOC removal by air stripping 
(Roberts, et. al., 1984; Hsieh, et. al., 1993 a, b). These efforts have allowed the 
estimation of mass transfer coefficients for VOCs based on well-characterized oxygen 
transfer coefficients and known molecular parameters for VOCs (Hsieh, et. al., 1993a, b; 
Munz and Roberts, 1989; Lyman, et. al., 1982; Bailey and Ollis, 1986). However, for 
biodegradable VOCs, modeling of fugitive losses is hindered by the paucity of data 
regarding the rates of biodegradation of the compounds, and the uncertainty of these rate 
parameters for use in specific circumstances (for example, organic co-substrates, nutrient 
and micronutrient availability, temperature, salinity, and other factors influence 
biodegradation rates). In this work, the simultaneous biodegradation and air-stripping of 
VOCs is examined and a general approach to estimating the dominant removal 
mechanism is developed.     
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Model Development 
 
The use of oxygen as a parallel volatile compound is extremely useful for 
prediction of VOC removal by air stripping. In any biological process, the actual oxygen 
transferred to the water is known since the process performance is reported in terms of 
oxygen demand, or, considering a mass balance around a completely-mixed biological 
reactor:    
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where, 
Q  = flow rate into and exiting the process, L/d 
                        V  = reactor volume 
 
    [O2]i, [O2]e, [O2]  = influent, effluent, and reactor dissolved oxygen concentration,  
   respectively, mg/L 
[O2]*  = dissolved oxygen saturation concentration, about 9 mg/L in      
      equilibrium with air 
            (KLa)0 = overall oxygen transfer coefficient, d-1
            Y  = cell yield coefficient 
            k  = maximum specific substrate uptake coefficient, d-1
          Km  = Monod half-saturation coefficient, mg/L 
           X  = biomass concentration in the reactor, mg/L (as MLVSS) 
                S  = reactor organic substrate concentration, mg/L (as COD) 
           kd  = endogenous biomass decay coefficient, d-1
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It must be noted, the factor 1.42 in the last term is used as a conversion from 
biomass as volatile suspended solids, VSS, to endogenous oxygen demand (Droste, 1997). 
The biological coefficients, k and KM are highly variable from compound to compound 
and case specific. However, at steady state, the Monod rate expression may be replaced 
by well-known operating parameters, or from a substrate mass balance at steady state 
(Droste, 1997): 
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where,       Si, Se = influent and effluent substrate concentration, mg/L (as COD) 
       θh = hydraulic residence time, V/Q, d-1
Equation 2 represents the COD loading (mg/L/hr) to the process and can be used to 
estimate the actual oxygen transferred to the reactor. Assuming that Q [O2]i and Q [O2]e 
are negligible (= 0) compared to the oxygen demand in the reactor (this will hold true 
when Si – Se > 100 mg/L), and under steady state conditions, then: 
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Then, given values for oxygen saturation, and measured values for dissolved oxygen in 
the reactor, the actual oxygen transfer coefficient is known, or:  
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The range of typical process operating parameters for completely-mixed activated sludge 
systems is well defined , or (Droste, 1997): 
X   = 2,500 to 5,000 mg/L (as MLVSS based on a conversion factor of  
                 0.85 from MLSS) 
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Y  = 0.4 to 0.6 (COD basis) 
kd = 0.02 to 0.10 d-1  
Then, the oxygen actually transferred into the process is bounded by the ranges of these 
values. The typical oxygen transferred is presented in Figure 1 for comparison. 
A mass balance model can be constructed for VOC removal from a completely-mixed 
process, or (given [VOC]= reactor VOC concentration= [VOC]e= effluent VOC 
concentration): 
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where, all parameters are the same as in Equation 1, except they are in terms of the VOC, 
as indicated by the subscript (VOC basis rather than COD or O2 basis), and if the 
equilibrium concentration of VOC, [VOC]*, is less than the reactor concentration, then, 
removal of the VOC will occur by air-stripping.     
If significant overall removal of the VOC occurs in the process, then the 
mechanism of removal may be principally through biodegradation, principally through 
air stripping, or by some combination of both. However, if it is assumed that air stripping 
dominates the reaction, then the biodegradation term can be neglected, and, at steady 
state, Equation 4 becomes: 
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Figure 1. Oxygen Transferred as a Function of the Loading Rate for Completely-Mixed 
Activated Sludge Systems.  The Shaded Area Represents the Operating Region Bounded 
by Typical Parameters Reported in the Literature (Droste 1997). The open box 
represents the operating region for the experimental reactors in this work).   
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More conveniently, the right hand side of Equation 5 represents the VOC 
stripping rate (mg/L/d), and if we divide by the right hand side the resulting 
dimensionless ratio, γ (VOC loading rate divided by potential VOC stripping rate), can be 
used to assess the actual removal mechanism. Additionally, when air to liquid ratios are 
high, then [VOC]* ≅ 0, and the stripping term becomes first-order, - (KLa)voc, [VOC], or 
(Grady, et., al., 1997):            
evocL
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=  >1.0 (biodegradation dominates) 
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VOC Characteristics: Physical Properties and Rates of Biodegradation 
Several VOCs were selected for this study based on their inclusion in the USEPA 
list of VOCs (40 CFR 51. 100(s)) and the data that were available in the literature for 
comparison. These compounds included benzene and toluene (BTEX compounds), 
chloroform, Methylene Chloride, (MC), Methyl Isobutyl Ketone, (MIBK), and 
TriChloroEthylene, (TCE).  Diffusivities, and subsequently KLa values were estimated 
based on relationships used previously by others. The diffusivity was estimated using the 
method of Hayduk and Laudie (Hayduk and Laudie, 1974): 
589.014.1
2
51026.13
mOH
WVOC V
D µ
−×=                 (6) 
where,  
 DWVOC= diffusivity of VOC in water, cm2/s 
 µH2O= viscosity of water, 0.91 centipoise at 20oC 
 VM= molar volume of VOC, cm3/mole 
Hayduk and Laudie reported an average error of 5.8%, and this technique has been 
selected by others as the method of choice to determine diffusivities in aqueous solution 
(Weaver, 2005; Lymann, et. al., 1990; Hayduk and Laudie, 1974). Then, a relationship 
between (KLa)VOC and (KLa)O can be stated as (Roberts, et. al., 1984; Hsieh, et. al., 1993 
a,b; Munz and Roberts, 1989): 
0)()()( aKD
D
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VOCL =                (7) 
where,    
DWO= oxygen diffusivity in water = 2.10 x 10-5 cm2/s (Cussler, 1984) 
n  =  0.1 to 0.8 (Roberts, et. al., 1984; Munz, and Roberts, 1989) 
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Others have warned that this estimation of (KLa)VOC is applicable to compounds 
that are extremely volatile (dimensionless Henry’s Constants> 0.55). For other 
compounds, the relationship would need to be expanded, and the overall mass transfer 
coefficient found from the two-film model (Munz and Roberts, 1989). However, since the 
purpose here is to judge the major removal mechanism, Equation 7 was applied (without 
the two resistances) as this is a conservative approach (over estimates air-stripping). A 
summary of several VOCs and pertinent physical constants are provided in Table 1. The 
values for diffusivities in water were estimated at 20oC in pure water (µH2O= 0.91 
centipoise). Literature values of benzene and toluene are presented as well to indicate the 
close agreement between the estimated and experimental values (< 5% difference in both 
cases). The estimated values (pure water) are assumed to be close to those values of 
diffusivities that would exist in a wastewater. The wastewater constituents, at the 
concentration in the wastewater (maximum COD = 2,140 mg O2/ L in this work) are not 
thought to influence the viscosity of water significantly and the estimated values would 
be close to wastewater conditions (see Equation 6 that indicates an inverse relationship 
between diffusivity and solvent viscosity). In addition, others have shown that surfactants 
do not have a significant impact on diffusivities up to the critical micelle concentration 
(or CMC). For example, the diffusivity of toluene in water decreased less than 5% with 
surfactant concentration up to the CMC, and then suddenly dropped 27% at the CMC 
(Yang and Matthews, 2000). No values of viscosity were measured under wastewater 
conditions and it is not strictly known what the actual diffusivities of the VOCs or 
oxygen were under these conditions. However, it has been demonstrated that the 
 8
 9
influence of aqueous constituents would have a similar impact on oxygen and the VOC, 
so that Equation 7 would apply to wastewater conditions (Munz and Roberts, 1989).     
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Table 1. Physical properties of VOCs used in this study 
 
Compound   Henry’s Constanta,b  Biodegradabilityb       Diffusivityc,d  Dwvoc/Dwo 
    (atm-L/mole)                (cm2/sec) x105  
 
 
Benzene   5.39, 5.35, 5.55  fast    1.045 (1.09)  0.498 
Chloroform   3.22, 4.06, 3.67  not fast   0.982   0.468 
Methylene Chloride  9.14, 3.01, ----   not fast   1.47   0.700 
MIBK    0.116, 0.134, 0.138  fast    0.855   0.407 
Toluene   5.95, 5.73, 6.64  fast    0.943 (0.95)  0.449 
TCE    23.0, 18.0, 9.85  not fast   1.02   0.486 
 
a: temperature= 20oC, values are: calculated from bond contribution theory, calculated from group contribution theory, and reported 
experimental values, respectively (note, experimental values from the USEPA database are bolded). 
b: temperature= 20oC, all values from EPISUITE™ software (USEPA, 2000) 
c: temperature= 20oC,  values calculated from Equation 3; molar volume (values from Perry and Green, 1997), µH2O= 0.91centipoise 
d: values in parenthesis literature represent values (measured), used by Hayduk and Laudie for comparison, temperature= 25oC 
(Hayduk and Laudie, 1974) 
 
 
 
 
The rate of biodegradation of organic compounds varies significantly and depends 
on process parameters such as mean cell residence time, MCRT or θC, availability and 
concentration of specific co-substrates and other factors as yet undetermined (Bielefeldt 
and Stensel, 1999; Magbanua, et. al., 1994). Insufficient research has been conducted to 
establish a database of values that would be sufficient for modeling activated sludge for a 
wide variety of compounds. However, ranges of values do exist for some compounds, 
including specific VOCs such as benzene and toluene. Based on Monod kinetics, the 
following rate parameters are used in this study (values reported are means with the 
standard deviation in parenthesis):   
Benzene (Bielefeldt and Stensel, 1999)  Phenol (Magbanua, et. al., 1994)
 
k (d-1):   0.703 (± 0.21)    Literature (Batch) 
KM (mg/L):  0.10 (± 0.07)    k (d-1):  9.12 (± 9.60) 
       KM (mg/L) 40.0 (± 69.0)  
Toluene (Bielefeldt and Stensel, 1999)   
       Experimental (Fed-Batch) 
k (d-1):   1.03 (± 0.35)     k (d-1):  4.8 (± 1.94) 
KM (mg/L):  0.20 (± 0.11)    KM (mg/L) 0.63 (± 0.86)  
    
Values for benzene and toluene (based on biodegradation only) were constructed 
from 3 sets of data based on different reactor conditions and varied by less than one order 
of magnitude (Bielefeldt and Stensel, 1999). Phenol was used for comparison since it has 
been well studied and represents a highly biodegradable substrate (very fast). Values for 
phenol varied by up to two orders of magnitude and were well-fit by a log-normal 
distribution (Magbanua et. al., 1994). No appropriate data were found in the literature for 
chloroform, methylene chloride, MIBK or TCE. 
 
 
 
 
Model and Case Studies 
 
Three pilot-scale reactors were run at an undisclosed industry having a diverse 
wastewater containing a variety of VOCs in the wastewater influent. The wastewater 
influent was spiked with VOCs to maintain constant inputs to the reactors. The off-gas 
was sampled as well as the reactor effluent to experimentally determine the removal of 
VOCs and the mechanism of removal (biodegradation or air stripping). A summary of the 
operational data and the measured air stripping contribution to removal is presented in 
Table 2. 
Biodegradability has traditionally been difficult to model, and Monod kinetic 
parameters have shown a high degree of variability, even under consistent reactor 
conditions (Bielefeldt and Stensel, 1999; Magbanua, et. al., 1994). The kinetic data for 
benzene and toluene showed variability of 40% or more (Bielefeldt and Stensel, 1999) 
and phenol data exhibited even more variability and indicated a significant difference 
between parameters estimated from batch versus fed-batch reactors, especially with 
respect to KM (Magbanua, et. al., 1994). Based on field-like data (Table 2) and off-gas 
sampling, benzene and toluene were primarily removed by biodegradation (95 to > 99% 
except for 2 cases out of 18: 52% stripped for toluene, and 16% stripped for benzene) and 
not by air stripping. Therefore, a steady state analysis of the biodegradability of benzene 
and toluene was done to assess how well the biokinetic parameters reported in the 
literature could model the system. At steady state, and considering biodegradation as the 
only removal mechanism, the effluent substrate concentration can be estimated by the 
kinetic parameters Y, kd, k, and KM, or, if stripping is not a factor (Metcalf and Eddy, 
1979): 
 12
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Table 2. Reactor (CSTR) operating conditions over testing periods (from Brown and 
Caldwell, Inc., 1999)a. 
 
 θH, d:    0.36 to 2.03 
θC, d:      9.0 to 85 
 
TCOD, mg/L:   1,800 to 2,140 
X, mg MLVSS/L:  4,870 to 11,430 
Dissolved Oxygen, mg/L:  4.2 to 5.9 
 
Cell Yield, YCOD:  0.35 to 0.57 
Endogenous Decay, kd, d-1: 0.087 to 0.091 
 
VOC, µg/L:   Influent  Effluentb            %Air Strippedc 
 
Benzene   102 to 900  nd to 5.2  0.087 to 16.0 
Chloroform   670 to 3,900  31 to 900  21.0 to 87.0 
Methylene Chloride  225,000 to 252,000 2 to 2,100  0.001 to 0.091 
MIBK    160,000 to 308,000 nd to 640  0.002 to 0.077 
Toluene   260 to 2700   nd to 21   0.11 to 52.0 
TCE    22 to 190   nd to 6   21.0 to 50.0 
 
a:  all values are averages over sampling periods of 1 to 3 days (steady influent 
concentration over sample period) 
b:  nd – non detectable 
c:  Based on off-gas measurements and mass balance, remaining removal is by     
     biodegradation 
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A plot of the calculated VOC concentrations (using the individual kinetic 
parameters that would yield the highest biodegradation, i.e., highest value of kVOC, lowest 
value of KmVOC, one standard deviation from the average) as a function of θC is shown in 
Figure 2, and compared to the operational data from the bioreactors. Phenol, a non-VOC 
that is regarded as very biodegradable, was shown for comparison (using average kinetic 
parameters). All of the measured effluent concentrations exhibited lower concentrations 
(most values 2 to >10 times less than calculated) than would be predicted by the literature 
biodegradability constants, and even compared to phenol, the effluent concentration for 
benzene and toluene were much lower than could be modeled acceptably by the literature 
values for biodegradation. This indicates that the maximum specific utilization rate 
constant, kVOC, must be much higher than reported in the literature for this particular case 
(benzene and toluene) and/or KmVOC must be much lower. Therefore, an effective 
evaluation of biodegradation as the removal mechanism was not possible using 
estimation methods that depend on the biokinetic parameters k and KM.   
 
 15
0
5
10
15
20
25
30
35
40
45
0 20 40 60 80 100 120
MCRT, days
C
on
ce
nt
ra
tio
n,
 u
g/
L 
or
 p
pb
Phenol
Toluene (   )
Benzene (    )
Figure 2. Predicted Steady-State Effluent Concentrations as a Function of Mean Cell 
Residence Time for Benzene and Toluene, Compared to Actual Operating Data. 
Biokinetic Constants Reflect the Maximum Removal, i.e., lowest Km, highest k (values 
from Bielefeldt and Stensel, 1999).  Phenol Estimated for Comparison Using Average 
Values From Magbanua, et. al., 1994. 
 
 
 
 
 
 
 
 
 
 
 
 
 16
Given the high level of uncertainty in the biokinetic parameters, the mechanism of 
removal was evaluated using the physical chemical parameters that can be estimated from 
conventional operating conditions. The dimensionless ratio, γ, was estimated using 
Equation 3b and Equation 7, and given the influent and effluent VOC concentrations for 
each pilot reactor. A value of n = 0.6 was used for all calculations (see Equation 7).  This 
was reported previously as the mean value (Munz and Roberts, 1989), and since 
Dwvoc/Dwo values were between 0.407 and 0.700, there was little difference in the results 
for n = 0.1 to 1.0 (maximum factor of 2) versus n = 0.6. Therefore, the average value, n= 
0.6, was used for all calculations. While the calculated values of γ varied widely over the 
conditions monitored in the three pilot reactors, the data conformed to the expected trend, 
or, when γ >> 1, air stripping was negligible, and γ << 1, air stripping was significant. 
The values of γ for all six VOCs were graphed on log-normal probability plots (see 
Figures 3-8) and the range of calculated γ values and the measured air-stripping 
contribution to VOC removal is shown in Table 3 for all of the compounds.   
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Figure 3. Log-normal probability plot of estimated γ values for Benzene. 
 
Figure 4. Log-normal probability plot of estimated γ values for TCE. 
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Figure 5. Log-normal probability plot of estimated γ values for Chloroform 
 
Figure 6. Log-normal probability plot estimated γ values for Toluene. 
 19
Figure 7. Log-normal probability plot of estimated γ values for MIBK. 
 
Figure 8. Log-normal probability plot of estimated γ values for Methylene Chloride. 
 20
Table 3. Estimated values for γ and corresponding measured removals from air stripping.  
 
Compounda    γb        % Air Strippedc
 
 
Benzene   0.09 to 5.6 (0.66)       0.065 to 16.0 (2.62) 
 
TCE    0.014 to 1.2 (0.163)            21.0 to 100 (57.0) 
 
Chloroform   0.009 to 0.2 (0.020)            21.0 to 87.0 (45.2) 
 
Toluene   0.14 to 3.5 (0.615)        0.110 to 52.0 (8.18) 
 
MIBK    1.5 to 540 (42.1)         0.002 to 0.068 (0.18) 
 
Methylene Chloride   0.27 to 8.0 (6.46)       0.001 to 0.091 (0.026) 
 
a:  Compounds listed in order of increasing air-stripping potential (based on average γ) 
b:  Data from Table 1, values in parenthesis are the arithmetic average from experimental 
measurements, all values at 20oC 
c:  Average of data in Table 2  
 
 
 
 
 
 
 
 
 
 
 
 
 
 21
Benzene had a γ range from 0.09 to 5.6 (calculated maximum and minimum 
values) with the fit to the data (R2= 0.93 of log-normal fit). This indicated air stripping is 
the major removal mechanism under certain operating conditions. However, as some γ 
values were greater than 1.0, this showed that biodegradation was the dominant removal 
mechanism in those cases. This has verified by the off-gas measurements which indicated 
that 0.065 to 16.0% of benzene was air stripped (see Table 3).     
TCE had a γ range from 0.014 to 1.2. This showed air-stripping was generally the 
dominant removal mechanism in most cases. This result was confirmed by the off-gas 
measurements, which showed a range of 21 to 100% of TCE removal by air stripping 
(see Table 3).  
Chloroform exhibited consistent results, with all 15 calculated values of γ < 0.18, 
indicating a high probability that stripping was a major removal mechanism. This was 
confirmed by the off-gas measurements, as well, or 21 to 87% of chloroform was 
removed by air stripping (see Table 3).   
Toluene had a γ range from 0.14 to 3.5. This showed that air-stripping was 
significant under certain operating conditions. Otherwise, biodegradation was dominant 
to achieve major removal of toluene. This result was confirmed by off-gas measurements 
which indicated from 0.011 to 52% removal by air-stripping (see Table 3). 
MIBK exhibited values of γ ranging from close to 1.0 (minimum = 1.5) to 540. 
However, the fit to the data (R2 = 0.85 for log-normal fit) indicated that there was an 80% 
probability that γ was greater than 1.0. Therefore, as a rule, stripping would not be 
expected to consistently remove MIBK to a significant extent. However, the data shows 
that >99% removal of MIBK was always achieved (see Table 2) indicating that 
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biodegradation was the principal removal mechanism at all times. This was confirmed by 
the off-gas measurements for MIBK that indicated only 0.009 to 0.068% of MIBK was 
removed by air stripping (see Table 3).   
Methylene chloride had a γ range from 0.27 to 8.0, and this indicated that air-
stripping could not be the dominant removal mechanism under most of the operating 
conditions. This was verified by the off-gas measurements that indicated from 0.011 to 
0.091% of methylene chloride removal by air-stripping. As a result, biodegradation was 
the principal removal mechanism for methylene chloride. 
 
Summary and Conclusions 
 
A steady-state method for evaluating the mechanism of removal of VOCs was 
developed using conventional process parameters, such as dissolved oxygen 
concentration, COD, VOC concentration, θC and θh, and Y and kd, to estimate the overall 
oxygen transfer coefficient, (KLa)O, and subsequently the overall VOC transfer 
coefficient, (KLa)VOC. A dimensionless parameter, γ (ratio of VOC loading to potential 
VOC stripping rate) was developed and estimated from pilot scale operating data for six 
VOCs and compared to actual measurements of removal by air stripping for those 
compounds. The findings confirmed the validity of the approach as compounds with high 
γ values (γ >> 1.0) were mainly biodegraded, compounds with low γ values (γ << 1.0) 
were mainly air stripped, and compounds with γ ≈ 1.0 were mostly biodegraded but had 
significant removal by air stripping as well. The overall results are summarized in Figure 
9, indicating the range of uncertainty in the values, but confirming the general usefulness 
of the approach when the estimates of γ are considered as a composite (average values or 
statistical trend, see Figures 3- 8, as well).   
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This approach is useful to evaluate the expected mechanism of removal for VOCs 
in advance of difficult off-gas measurements from full-scale processes. The use of 
conventional process operating parameters and physical/chemical data for VOCs 
appeared to be more reliable than techniques that require the use of biokinetic parameters, 
such as k and KM, since the values for the biokinetic parameters have a high degree of 
uncertainty and literature values are either unavailable or unable to accurately reflect 
actual processes in the field.   
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 Figure 9. Summary of estimated γ values for six VOCs evaluated. Average air stripping 
contributions (from pilot-scale laboratory data) to removal are shown for comparison.  
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CHAPTER II 
 
STOCHASTIC MODEL FOR AIR STRIPPING OF VOLATILE ORGANIC 
COMPOUNDS (VOCs) 
 
Introduction 
Wastewater constituents can be categorized broadly as non-volatile organic 
compounds (NVOCs) or volatile organic compounds (VOCs). It has been long 
recognized that VOCs are inadvertently transferred to the atmosphere during aeration in 
wastewater treatment, i.e., fugitive emissions (Hsieh et al., 1993a, b; Roberts et al., 1984; 
Mackey and Leinonen, 1975). This is a serious issue because these emissions are 
currently regulated and efforts to minimize volatilization affect the design and operating 
parameters in biological treatment (40 CFR-Chapter I-Part 63). As these factors are 
directly related to the cost and efficiency of the system, many investigations have been 
carried out to try to predict the amount of solute that is transported to the air. Previous 
studies were able to derive an empirical relationship between the oxygen transfer 
coefficients based on the relative aqueous diffusivity of oxygen and the VOC. (Müller et 
al.,1980) showed the importance of the different parameters that affect aeration processes. 
Models for predicting VOC removal must include the biodegradation parameters, 
(Monod rate constants), as well as the physical parameters for volatilization (Magbanua 
et al., 1998). However, these biological parameters are usually quite variable and 
generally unknown under field conditions (Grady et al., 1997, Magbanua and Bowers, 
1994). Therefore, deterministic models using both biological and physical chemical 
parameters are expected to show considerable error. However, for existing operating 
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systems, the reactor conditions are well known and frequently monitored, providing 
continuous influent and effluent data for overall oxygen demand as BOD and/or COD, 
dissolved oxygen, D.O., and the VOCs reported as the actual compound. Therefore, 
known data can be used to determine the amount of oxygen actually transferred to the 
system, and utilized for biodegradation, which then can result in a determination of the 
physical oxygen transfer parameters for existing bio-treatment processes. Additionally, 
these data may be used to estimate mass transfer coefficients for the VOC(s). The 
purpose of this paper is to present a methodology to estimate the gas-phase removal of 
some common VOCs including benzene, Methylene Chloride (MC), Methyl Isobutyl 
Ketone (MIBK), toluene and TriChloroEthylene (TCE), resulting from aeration under 
typical conditions of wastewater treatment by using the relationships between oxygen and 
the VOCs. The model uses available data for known (monitored) influent and effluent 
VOC concentration to eliminate the need to calculate the biodegraded fraction of VOCs 
removed. Additionally, the technique includes uncertainty in estimating the rate 
parameters and stochastic inputs to predict the air-stripping of VOCs. 
 
Experimental Data and Methods 
 Data regarding biological uptake and volatilization of organic compounds were 
collected using a series of completely-mixed reactors with gravity settlers for sludge 
return (Brown and Caldwell, 1999). Reactors were fed a consistent feed of actual 
wastewater from unnamed facilities that was spiked with various VOCs. Complete 
monitoring (influent and effluent COD, and VOC concentration) was performed over the 
course of the experiments and occasionally the off-gas VOCs were captured in a Tenax® 
 27
column and the total mass of VOC adsorbed was measured to evaluate the VOCs 
removed by air stripping. A summary of the data characterizing the laboratory reactors is 
presented in Tables 1-3 (See Appendix A for complete data) 
 Each set of data was fit to a normal probability distribution for influent COD and 
VOC concentration and effluent COD and VOC concentration defined by mean and 
standard deviation in Tables 1-3. Normal probability distributions were also constructed 
for all uncertain parameters that were used in modeling. This was done using EXCEL® 
and the standard probability and statistics functions. Modeling was done in EXCEL® by 
the Monte-Carlo simulation technique using the random numbers generator in EXCEL®. 
The data generated by simulation were no longer a normal probability distribution due to 
the non-linear nature of the equations. These data were then analyzed using VTFIT, 
applying fourteen standard probability distributions and taking the best-fit to the 
simulated data (Cooke, 1993).    
 
Mathematical Model 
Oxygen is a volatile compound that is crucial to the operation of aerobic 
wastewater treatment processes. Much is known about oxygen transfer into wastewater 
treatment processes, and relationships between oxygen transfer parameters and VOC 
transfer parameters have been well established (Matter-Müller et. al., 1981). A 
mathematical model is first developed by considering a mass balance of oxygen around a 
completely-mixed biological reactor (CMBR), or “aeration basin”, as shown in Figure 1.    
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Table 1. Operating characteristics of the reactors used in this studya.    
Parameters     Range  Mean, µb  Standard deviation, σb 
θh, day      0.36- 2.03   1.28   0.449 
θc, day      9.0- 85  49.5   21.6 
TCOD, mg/L     1,800- 2,140  1983   101   
X, mg MLVSS/L    4,870- 11,430 8234   1969  
Dissolved O2, mg/L    4.2- 5.9  4.96   0.505 
Y      0.35- 0.57  0.458   0.0657 
kd, day-1      0.087- 0.091  0.0888   0.00108 
a: data from Brown and Caldwell (Brown and Caldwell, 1999) 
  
Table 2. Measured influent VOC concentrations over course of studya. 
 
Compounds  VOCi range, mg/L  Mean, µb Standard deviation, σb 
Benzene  102- 900   466.2  226.2   
Methylene Chloride 225,000- 252,000  238,000 7,770 
MIBK   160,000- 308,000  232,000 41,500 
Toluene  260- 2700   1,460  593 
TCE   22- 190   110  50.1 
a: data from Brown and Caldwell (Brown and Caldwell, 1999) 
b: mean and standard deviation assuming a normal probability distribution 
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Table 3. Measured effluent VOC concentration over course of studya. 
 
Compounds  VOCe rangeb, mg/L  Mean, µc Standard deviation, σc 
Benzene  nd- 5.2    2.74  1.43 
Methylene  2- 2100   940  664  
MIBK   nd- 640   323  182  
Toluene  nd- 21    11.3  6.07 
TCE   nd- 6    2.86  1.73 
a: data from Brown and Caldwell (Brown and Caldwell, 1999) 
b: nd- non detectable 
c: mean and standard deviation assuming a normal probability dsitribution  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
           Aeration Basin Reactions 
COD + O2 + X Æ CO2 + H2O (energy production) 
           COD + X + energy Æ X + ∆X (growth) 
 
Figure 1. Typical aeration system with sludge return and VOCs present. Note, complete mixing in the aerator and no reactions in the 
settling basin imply that all components are the same ( CODe NVOCe, and VOCe) in the reactor, the waste effluent and in the sludge 
return.
The mass balance for oxygen is then derived with respect the aeration basin as a 
CMBR and can be expressed qualitatively, or quantitatively as follow: Rate of Oxygen 
accumulation= Influent D.O. - Effluent D.O. + Oxygen transfer into the system – Oxygen 
used for Substrate conversion - Oxygen utilized for endogenous decay of microorganisms, 
or:   
...])[]([)(][][ 2
*
2022
2 +−+−= OOaKVOQOQ
dt
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SK
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m
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where, 
 
Qi, Qe  = flow rate into and exiting the process respectively, L/d 
V  = aerator volume, L 
[O2]i, [O2]e, [O2] = influent, effluent, and reactor dissolved oxygen concentration,   
                    respectively, mg/L 
     [O2]*  = dissolved oxygen saturation concentration, about 9mg/L for    
          wastewater in equilibrium with air, mg/L (Clark et al., 1971) 
(KLa)0  = overall oxygen mass transfer coefficient, d-1
 k  = maximum specific substrate uptake coefficient, d-1
 Km  = Monod half-saturation coefficient, mg/L 
X  = biomass concentration in the reactor as volatile suspended solids  
         (VSS), mg/L 
 S  = reactor organic substrate concentration as BOD or COD, mg/L 
 kd  = endogenous biomass decay coefficient, d-1
The factor 1.42 in the last term represents the conversion factor from biomass as 
volatile suspended solids, VSS to endogenous oxygen demand (Droste, 1997). In addition, 
the overall oxygen mass transfer coefficient, (KLa)0, represents two distinct resistances 
(liquid-film resistance, kLa, and gas-film resistance, kGa), or (Lewis and Whitman, 1924; 
Munz and Roberts, 1989): 
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where,  
 (kLa)0  = liquid-phase oxygen mass transfer coefficient, d-1 
 (kGa)0  = gas-phase oxygen mass transfer coefficient, d-1
Ho2 = dimensionless Henry’s Law constant for oxygen (Ho2= 22.92 at 
20oC, from Benson, et.al., 1979) 
Others (Munz and Roberts, 1989) have found that the liquid phase controls the resistance 
to mass transfer when the dimensionless Henry’s constant > 0.55, or for oxygen (Ho2= 
22.92 >> 0.55) 
 (KLa)0 ≅  (kLa)0              (2b)  
For biodegradation only, the rate coefficients, k and Km, must be written as overall rate 
parameters for all oxygen demanding compounds, or as lumped oxygen demand 
parameters (BOD or COD including NVOCs + VOCs). In addition, the biological rate 
coefficients, k and Km are highly variable from compound to compound and case specific 
(Bielefeldt and Stensel 1999). However, in this case, the Monod rate expression can be 
replaced by well-known reactor operating parameters established from a mass balance on 
the substrate (as BOD or COD) by assuming the system is at steady state (Droste, 1997):     
h
ei
m
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SK
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 33
where,  
 
 Si, Se  = influent and effluent substrate concentration, mg/L (as BOD or  
   COD) 
  θh  = hydraulic residence time, d-1
Equation 3 represents the substrate removal rate from the process by biodegradation and 
can be used (given process monitoring data) to estimate the oxygen actually transferred to 
the reactor. Then, Q[O2]i and Q[O2]e can be considered negligible compared to the 
oxygen demand in the reactor as long as Si-Se >> [O2]i and [O2]e, and Equation 1 at 
steady state can be simplified to: 
XkSSOOaK d
h
ei
L 42.1)(])[]([)( 2
*
20 +−=− θ            (4a) 
 
This also assumes that the NVOCs dominate the oxygen demand (BOD or COD) in the 
process, or that no significant removal of oxygen demand occurs through the air-stripping 
of VOCs. The overall oxygen transfer coefficient, (KLa)0 can be estimated in-terms of the 
other process operating parameters after re-arranging Equation 4a, or: 
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For each set of operating values substituted into Equation 4b. Meanwhile, a relationship 
between the oxygen transfer coefficient (KLa)0 and the overall mass transfer coefficient 
for any other VOC (KLa)VOC can be established (Roberts et al. 1984; Hsieh et al. 1993a; 
Munz and Roberts 1989): 
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where,  
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Dwvoc= molecular diffusivity of VOC in water, cm2/s 
Dwo= oxygen diffusivity in water, 2.1x10-5 cm2/s in pure water      
       (Cussler, 1984) 
n= 0.1 to 0.8 (Roberts et al., 1984; Munz and Roberts, 1989) 
However, this relationship (Equation 5) is only true when the controlling mass transfer 
resistance for oxygen (liquid-film controlled) is the same as the VOC, i.e., both rates 
must be controlled by the liquid-phase resistance (Munz and Roberts, 1989). As a 
criterion for liquid-phase control, it has been suggested that a dimensionless Henry’s 
Constant, HVOC > 0.55 is required. This would imply 95% of the total resistance due to 
the liquid phase when HVOC= 0.55 (Munz and Roberts, 1989). For compounds that do not 
meet this criterion, i.e., HVOC < 0.55, a more general approach that considers the gas-
phase resistance (Equation 2a) must be applied to the VOC, or (Munz and Roberts, 1989): 
VOCVOCGVOCLVOCL HakakaK )(
1
)(
1
)(
1 +=               (6) 
where,  
 (kLa)VOC= liquid-phase VOC mass transfer coefficient, d-1 
(kGa)VOC= gas-phase VOC mass transfer coefficient, d-1 
HVOC= dimensionless Henry’s Law Constant 
Then, this may be restated in terms of the diffusivities of oxygen and the VOC in water 
and air (Munz and Roberts, 1989): 
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where, m is a similar exponent to n, and  
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 DAVOC= molecular diffusivity of VOC in air, cm2/s 
 DAO= oxygen diffusivity in air, cm2/s  
Hayduk and Laudie reported an average error of 5.8% and this technique has been 
selected by others as the method of choice to determine diffusivities in aqueous solution 
(Weaver, 2005; Lymann, et. al., 1990; Hayduk and Laudie, 1974).  
 Diffusivities of VOCs in air were estimated using the method of Fuller, Schetter 
and Giddings (FSG), or (Fuller, et. al., 1966): 
23/13/1
75.13
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−
±
 Mr= (MA+MB)/(MAMB), where MA and MB is the molecular weight of air and  
 P= pressure, atm 
Jarvis and Lugg (Jarvis and Lugg, 1968) state that this is the most accurate method for 
chlorinated aliphatics, aromatics, alkanes, and ketones, and found that estimated values 
deviated 5% from measured values.  A summary of pertinent physical properties for 
VOCs in this study are provided in Table 4.  
 T= temperature, oK 
 DAVOC= diffusivity of VOC in air, cm2/s 
                (9) 
where, 
VA, VB= the molar volume of air and VOC, respectively, cm3/ L 
         VOC, respectively, g/ mol  
 
 
 
 
Table 4. Summary of physical parameters for selected VOCs 
 
Compound  Henry’s Constanta,b Dimensionless         Air Diffusivityd   Water Diffusivity  DAVOC/ DAO         DWVOC/Dwo 
   KH, (atm-L/mole) Henry’s Constantc,  DAVOC, (cm2/s)   DWVOC, (cm2/s) x 105  
      H            x 102   
  
 
Benzene  5.39, 5.35, 5.55 0.24            8.69 (9.6)   1.045    0.395      0.498  
Methylene Chloride 9.14, 3.01, ----  0.13            10.2 (----)    1.47    0.463      0.700 
MIBK   0.116, 0.134, 0.138 5.7 x 103           7.27 (----)   0.855    0.331      0.407 
Toluene  5.95, 5.73, 6.64 0.28            7.81 (8.6)    0.943    0.355      0.449  
TCE   23.0, 18.0, 9.85 0.42            8.09 (7.9)      1.02    0.368      0.486 
 
a: temperature= 20oC, values are: calculated from bond contribution theory, calculated from group contribution theory, and reported 
experimental values, respectively (note, experimental values from the USEPA database are bolded). 
b: temperature= 20oC, all values from EPISUITE™ software (USEPA, 2000) 
c: H= KH/ RT, temperature= 20oC, all values are based on the average value from those values reported for KH 
d: temperature= 20oC,  values calculated by using FSG method (values in parenthesis are observed values at temperature= 298oK 
from Fuller, et. al., 1966; Hsieh, 1994) 
 
 
 
 
The overall mass transfer coefficient, (KLa)VOC, must be estimated for each VOC 
based on the conversion of the oxygen mass transfer parameters to the VOC (See 
Equation 7). For oxygen, the liquid-phase resistance controls the mass transfer since 
oxygen is extremely volatile (Ho2= 22.92), or (KLa)0= (kLa)0. Then, (kLa)0is known from 
the process operational data (Equation 4b) and (kGa)0 can be estimated knowing the ratio 
of the gas to liquid mass transfer rates, (kGa)0/ (kLa)0, for the system. Others have 
reported values for (kGa)0/ (kLa)0 from 25 to 150 (Roberts, et. al., 1985; Munz and 
Roberts, 1989; McKay and Leinonen, 1975). However, Roberts and Munz, related the 
ratio to the power to volume ratio (P/V) in processes employing surface aeration and 
found that, under reasonably turbulent conditions, (P/V) > 10, (kGa)0/ (kLa)0= 30 to 40. 
Using their correlations for (kLa)0 and (kGa)0/ (kLa)0 as a function of (P/V), and based on 
the (kLa)0 values found in the work (kLa)0, 0.127 to 0.139 min-1, the corresponding 
equivalent (P/V) values would be 90.9 to 99.5 and (kGa)0/ (kLa)0= 43.6 to 45.1. Therefore, 
a mean value of (kGa)0/ (kLa)0 of 43 was selected for use and a normal distribution was 
selected for this parameter (mean= 43, standard deviation= 2). 
A mass balance around the aerator specifically for a particular VOC (where, 
[VOC] = aerator VOC concentration= [VOC]e= effluent VOC concentration) can also be 
developed under similar conditions as oxygen: 
emvoc
evocvoc
ei VOCK
VOCXkVVOCQVOCQ
dt
dVOCV
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}][*]{[)( evocL VOCVOCaKV −+        (10a)                        
where, all parameters are the same as in Equation 1, except they are specifically in terms 
of the concentration of VOC as the VOC, (not BOD or COD), and XVOC implies only that 
specific biomass that biodegrades the VOC. Then, at steady state, Equation 10a is 
simplified by assuming the same operating conditions as previously assumed for oxygen; 
except that VOC*≈ 0, this would typically be true for surface aeration systems, but not 
necessarily true for bubble aeration (Roberts, et al., 1984; Munz and Roberts, 1989), or: 
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Then, dividing by [VOC]i, the equation can be rearranged to:  
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Now, each term on the right hand side represents a specific removal mechanism (shown 
as the fraction of the total) from the reactor and the sum must add up to 1 (100% of the 
VOC mass) or:  
astageeffluent wby  removal VOC offraction 
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and, strippingair by  removal VOC offraction 
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][)( =
i
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Then, if [VOC]i and [VOC]e are measured values (typically they are monitored for 
NPDES reporting), the biodegradation term does not need to be strictly known, and the 
fraction volatilized (or % air stripped) can be expressed as: 
100
][
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θ
             (11) 
 
This technique eliminates the uncertainty in the biodegradation rate parameters and does 
not require a simultaneous calculation of biodegradation and air stripping to determine 
the effluent VOC concentration. Instead, this technique uses the measured effluent data 
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for existing processes. In this way, one level of uncertainty the fraction biodegraded is 
removed and the model is simplified.  
 
Modeling Technique 
The modeling technique uses known data and estimated physical chemical and 
biological parameters to calculate the air-stripping of each given VOC. The approach is 
to assume a normal distribution for each uncertain parameter (see Tables 1-3) and use a 
Monte-Carlo simulation to generate an expected range of air-stripping results for each 
VOC. One thousand trials were run in each case. A step by step summary of the 
simulation technique is presented in Figure 2. 
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Step 1: Random Number Generated for Each Unceratin Parameter 
 
Step 2: Calculate (KLa)0  
 Si, Se, kd, X (from normal distribution, see Tables 1-3) 
 
  
  
 Equation 4b 
  
 
(KLa)0 
Step 3: Calculate (KLa)VOC 
  
n, m, (kGa)0/ (kLa)0 (from normal distribution)
  
DWVOC, DAO, DWO, DAO, HVOC (see Table 4) 
  
Equation 7 
  
(KLa)VOC
Step 4: Calculate % air stripped: 
  
[VOC]i, [VOC]e, θh (from normal distribution, see Tables 1-3) 
  
Equation 11 
  
% air stripped 
Step 5: Repeat for 1000 trials 
 
Figure 2. Algorithm to estimate air stripping of VOC. 
 
 
 
Results and Discussions 
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 The actual air stripping of each VOC was calculated over 1000 trials and the 
resulting distributions of data were analyzed by using VTFIT. The data were neither 
normally or lognormally distributed and the closest fit corresponded to a log-Pearson 
Type (III) distribution. The data were then plotted by using the log-Pearson Type (III) 
plotting position, or:  
σKyy += loglog          (12) 
 y= resulted values  
 ylog = the average of the log y values  
σ= standard deviation of the log y values 
 K= Pearson frequency factor  
The values of K were taken from values supplied by Viessman and Lewis (Viessman and 
Lewis, 2002). Values other than those directly supplied were found by using a non-linear 
regression of the given Pearson coefficients (2nd order polynomial, R2= 0.96). Once 
plotted, the values on the y-axis (Pearson plotting positions) were converted back to 
actual numbers (% air stripped in this case) to provide a useful scale for viewing. The 
predicted air-stripping results are presented in Figure 3-7 for benzene, toluene, TCE, 
methylene chloride and MIBK, respectively. A comparison between the simulated data 
(% air stripped calculated) and the measured experimental data (as indicated in Figure 3-
7) shows a good agreement. The range of experimental data fits within the predicted 
distribution for benzene, methylene chloride, toluene and TCE and the mean value from 
the distribution (s=0) falls within the experimental values for benzene, methylene 
chloride, toluene and TCE as well. The predicted distribution fits within the experimental 
data for MIBK indicating a good agreement as well. 
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 To further summarize the agreement between the predicted and measured air-
stripping, the mean values are compared in Table 5. This comparison indicates that the 
mean values are extremely close (<10% difference between measured and predicted 
values of benzene and toluene and within 1.5 standard deviation in all cases). This 
validates the stochastic model predictions for compounds that are volatile (benzene, 
toluene, TCE, and methylene chloride) and non-volatile (MIBK).  
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Figure 3. Comparison of predicted and experimental results for Benzene. 
 
 
 
Figure 4. Comparison of predicted and experimental results for Toluene. 
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Figure 5. Comparison of predicted and experimental results for TCE. 
 
 
 
Figure 6. Comparison of predicted and experimental results for MIBK. 
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Figure 7. Comparison of predicted and experimental results for Methylene Chloride. 
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Table 5. Comparison of mean values for model predictions and for air-stripping. 
 
Compound  Experimental Meana   Calculated Meanb,c %Differenced 
 
Benzene  8.04    8.5 )4(±   +5.7  
 
Toluene  26.1    28 )18(±   +7.3 
 
TCE   36.5    25 )11(±   -31.5 
 
Methylene Chloride 0.046    0.075 )03.0(±   +63 
 
MIBK   0.0039    0.002  -49 )0012.0(±
 
a: based on arithmetic average of 2 or 3 data points 
b: mean values from log Pearson Type (III) data fit (s= 0, see Figure 3-7) 
c: values in parenthesis represent one standard deviation (s 1± from Figure 3-7) 
d: based on experimental mean 
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Conclusions 
A stochastic model (based on steady-state mass balances) was used to estimate the 
amount of solutes transferred to the atmosphere for VOCs, including benzene, toluene, 
TCE, methylene chloride, and MIBK, during aerobic biological treatment. The model 
used known influent and effluent data for COD and VOCs to estimate mass transfer 
parameters and to estimate the air stripping of VOCs.  A Monte-Carlo simulation 
technique was used to estimate air-stripping over a wide range of operating conditions. 
The results showed the model values agreed well with the experimental data for benzene, 
toluene, methylene chloride, TCE and MIBK (see Figures 3-7).  In addition, the 
technique of using widely available operating data (such as influent and effluent COD 
and VOC concentrations) to estimate parameters simplified the modeling, i.e., eliminated 
the need to simultaneously estimate the biodegradation of VOCs.  
 
 
 
 
 
 
 
 
 
 
 
 48
APPENDIX A 
 
Complete experimental data for VOCs (from Brown and Caldwell, 1999) 
 
Benzene
CODi, mg/L CODe, mg/L D.O., mg/L Y thetaH, d kd, 1/d X, mg/L VOCi VOCe
2140 162 4.3 0.35 0.36 0.09 11000 210 0.5
2140 84 5.9 0.52 1.99 0.087 4820 210 5
2140 161 4.2 0.39 0.36 0.087 11430 210 0.5
2140 162 4.3 0.35 0.36 0.09 11000 102 0.5
2140 84 5.9 0.52 1.99 0.087 4820 102 0.5
2140 161 4.2 0.39 0.36 0.087 11430 102 2.5
2140 162 4.3 0.35 0.36 0.09 11000 400 7
2140 84 5.9 0.52 1.99 0.087 4820 400 5.2
2140 161 4.2 0.39 0.36 0.087 11430 400 4.5
1800 136 4.5 0.57 1.47 0.09 9920 900 0.5
1800 93 5.3 0.48 2.03 0.09 8190 900 0.5
1800 166 4.7 0.45 0.99 0.09 9520 900 0.5
1800 136 4.5 0.57 1.47 0.09 9920 150 1.4
1800 93 5.3 0.48 2.03 0.09 8190 150 2
1800 166 4.7 0.45 0.99 0.09 9520 150 2.5  
 
MIBK
CODi, mg/L CODe, mg/L D.O., mg/L Y thetaH, d kd, 1/d X, mg/L VOCi VOCe
2140 162 4.3 0.35 0.36 0.09 11000 171,000 180
2140 84 5.9 0.52 1.99 0.087 4820 171000 120
2140 161 4.2 0.39 0.36 0.087 11430 171,000 66
0.36 160000 63
1.99 160000 27
0.36 160000 26
0.36 210000 640
1.99 210000 270
0.36 210000 230
1800 136 4.5 0.57 1.47 0.09 9920 308000 300
1800 93 5.3 0.48 2.03 0.09 8190 308000 2
1800 166 4.7 0.45 0.99 0.09 9520 308000 2
1800 136 4.5 0.57 1.47 0.09 9920 305000 230
1800 93 5.3 0.48 2.03 0.09 8190 305000 2
1800 166 4.7 0.45 0.99 0.09 9520 305000 570
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TCE
CODi, mg/L CODe, mg/L D.O., mg/L Y thetaH, d kd, 1/d X, mg/L VOCi VOCe
2140 162 4.3 0.35 0.36 0.09 11000 44 0.5
2140 84 5.9 0.52 1.99 0.087 4820 44 6
2140 161 4.2 0.39 0.36 0.087 11430 44 0.5
2140 162 4.3 0.35 0.36 0.09 11000 110 4.1
2140 84 5.9 0.52 1.99 0.087 4820 110 6.8
2140 161 4.2 0.39 0.36 0.087 11430 110 11
1800 136 4.5 0.57 1.47 0.09 9920 190 0.5
1800 93 5.3 0.48 2.03 0.09 8190 190 0.5
1800 166 4.7 0.45 0.99 0.09 9520 190 0.5
1800 136 4.5 0.57 1.47 0.09 9920 22 0.5
1800 93 5.3 0.48 2.03 0.09 8190 22 2
1800 166 4.7 0.45 0.99 0.09 9520 22 2.5
 
Chloroform
CODi, mg/L CODe, mg/L D.O., mg/L Y thetaH, d kd, 1/d X, mg/L VOCi VOCe
2140 162 4.3 0.35 0.36 0.09 11000 1200 69
2140 84 5.9 0.52 1.99 0.087 4820 1200 150
2140 161 4.2 0.39 0.36 0.087 11430 1200 280
2140 162 4.3 0.35 0.36 0.09 11000 670 31
2140 84 5.9 0.52 1.99 0.087 4820 670 81
2140 161 4.2 0.39 0.36 0.087 11430 670 98
2140 162 4.3 0.35 0.36 0.09 11000 2000 94
2140 84 5.9 0.52 1.99 0.087 4820 2000 220
2140 161 4.2 0.39 0.36 0.087 11430 2000 460
1800 136 4.5 0.57 1.47 0.09 9920 3900 58
1800 93 5.3 0.48 2.03 0.09 8190 3900 700
1800 166 4.7 0.45 0.99 0.09 9520 3900 900
1800 136 4.5 0.57 1.47 0.09 9920 990 51
1800 93 5.3 0.48 2.03 0.09 8190 990 150
1800 166 4.7 0.45 0.99 0.09 9520 990 190  
 
Toluene
CODi, mg/L CODe, mg/L D.O., mg/L Y thetaH, d kd, 1/d X, mg/L VOCi VOCe
2140 162 4.3 0.35 0.36 0.09 11000 1200 16
2140 84 5.9 0.52 1.99 0.087 4820 1200 5
2140 161 4.2 0.39 0.36 0.087 11430 1200 21
2140 162 4.3 0.35 0.36 0.09 11000 680 20
2140 84 5.9 0.52 1.99 0.087 4820 680 1.8
2140 161 4.2 0.39 0.36 0.087 11430 680 13
2140 162 4.3 0.35 0.36 0.09 11000 2700 5.8
2140 84 5.9 0.52 1.99 0.087 4820 2700 4.2
2140 161 4.2 0.39 0.36 0.087 11430 2700 5.4
1800 136 4.5 0.57 1.47 0.09 9920 530 0.5
1800 93 5.3 0.48 2.03 0.09 8190 530 0.5
1800 166 4.7 0.45 0.99 0.09 9520 530 0.5
1800 136 4.5 0.57 1.47 0.09 9920 260 0.5
1800 93 5.3 0.48 2.03 0.09 8190 260 2
1800 166 4.7 0.45 0.99 0.09 9520 260 2.5  
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Methylene Chloride
CODi, mg/L CODe, mg/L D.O., mg/L Y thetaH, d kd, 1/d X, mg/L VOCi VOCe
2140 162 4.3 0.35 0.36 0.09 11000 225000 1700
2140 84 5.9 0.52 1.99 0.087 4820 225000 390
2140 161 4.2 0.39 0.36 0.087 11430 225000 2100
2140 162 4.3 0.35 0.36 0.09 11000 225000 260
2140 84 5.9 0.52 1.99 0.087 4820 225000 120
2140 161 4.2 0.39 0.36 0.087 11430 225000 97
2140 162 4.3 0.35 0.36 0.09 11000 230000 1800
2140 84 5.9 0.52 1.99 0.087 4820 230000 810
2140 161 4.2 0.39 0.36 0.087 11430 230000 760
1800 136 4.5 0.57 1.47 0.09 9920 252000 2000
1800 93 5.3 0.48 2.03 0.09 8190 252000 1300
1800 166 4.7 0.45 0.99 0.09 9520 252000 1100
1800 136 4.5 0.57 1.47 0.09 9920 230000 360
1800 93 5.3 0.48 2.03 0.09 8190 230000 2
1800 166 4.7 0.45 0.99 0.09 9520 230000 790
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